Magnetoresistance in single crystals of black phosphorus is studied at ambient and hydrostatic pressures. In the semiconducting states at pressures below 0.71 GPa, the magnetoresistance shows periodic oscillations, which can be ascribed to the magneto-phonon resonance that is characteristic of high mobility semiconductors. In the metallic state above 1.64 GPa, the both transverse and longitudinal magnetoresistance show titanic increase with exhibiting superposed Shubnikov-de Haas oscillations. The observed small Fermi surfaces, high mobilities and light effective masses of carriers in semimetallic black phosphorus are comparable to those in the representative elemental semimetals of bismuth and graphite.
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Magnetoresistance in single crystals of black phosphorus is studied at ambient and hydrostatic pressures. In the semiconducting states at pressures below 0.71 GPa, the magnetoresistance shows periodic oscillations, which can be ascribed to the magneto-phonon resonance that is characteristic of high mobility semiconductors. In the metallic state above 1.64 GPa, the both transverse and longitudinal magnetoresistance show titanic increase with exhibiting superposed Shubnikov-de Haas oscillations. The observed small Fermi surfaces, high mobilities and light effective masses of carriers in semimetallic black phosphorus are comparable to those in the representative elemental semimetals of bismuth and graphite.
Black phosphorus (BP) is one of the stable allotropes of phosphorus at room temperature and consists of puckered honeycomb layers of phosphorus atoms in the ac-plane of the orthorhombic crystal. 1) As shown in the inset of Fig. 1(a) , the directions along the zigzag chain and its normal correspond to the a-and c-axis, respectively. The monolayer of BP (called phosphorene) is known as a high mobility semiconductor having a direct gap of 2 eV at the Γ point and attracts recent attention as a new candidate for electrical devices next to graphene. 2) In bulk BP, the honeycomb planes stack along the b-axis and are weakly bonded with the van der Waals force with alternatively shifting along the c-axis, i.e., forming ABAB· · · stacks.
The interlayer interaction involves band dispersion along the Γ-Z line. As a result, the bulk BP becomes a narrow gap semiconductor with the direct gap of 300 meV at the Z point. 3, 4) Application of hydrostatic pressure to BP further increases the interlayer interaction and then * E-mail: k akiba@issp.u-tokyo.ac.jp
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closes the gap at about 1.5 GPa. This pressure-induced semiconductor-semimetal (SC-SM) transition has been experimentally observed in the transport and the infrared absorption measurements under pressure. [5] [6] [7] Although the semimetallic state in this high mobility material is expected to exhibit unusual quantum transport properties, the details have not been revealed.
This motivates us to carry out the magnetoresistance measurements in BP under pressure.
Single crystals of BP were synthesized under high pressure. Magnetic fields are applied along the a-axis throughout the entire measurements. Fig. 1(c) . This periodic structure has been ascribed to the magneto-phonon resonance (MPR). 9) The MPR is the resonant scattering of carriers by optical phonons and observed as enhancement of resistance when the following resonance condition is fulfilled:
where ω 0 is the energy of the optical phonon and ω c = eB/m * is the cyclotron frequency.
10)
The e and m * represent elemental charge and effective mass of carriers, respectively. The MPR becomes hardly visible at low temperatures because the thermal excitation of the optical phonon is suppressed. Equation (1) can be transformed to the relation between inversed field is insensitive to the pressure as the other phonon modes are, 16) we can evaluate the pressure dependence of m * from the slopes of Fig. 1(d) . In Fig. 1(d) , half-integer indices correspond J. Phys. Soc. Jpn. to the local minima in Fig. 1(c) . a drastic change in magnetoresistance has been known in bismuth 17) and graphite, 18) typical elemental semimetals, and attracts renewed interests in the other semimetals. 19) In addition to this approximately linear magnetoresistance, we can identify the superposed modulation. The modulated components are clearly visible in their second derivatives shown in Fig. 2(b) . Contrary to the MPR in the semiconducting state, the oscillating component periodic to B −1 grows up as the temperature decreases, and hence, can be ascribed to the Shubnikov-de Haas (SdH) oscillations. We can see a major frequency component (solid arrowheads) and additional small structures (an open arrowhead) in Fig. 2(b) , suggesting there J. Phys. Soc. Jpn.
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are at least two frequency components. Frequency spectrum and its temperature dependence are shown in Fig. 2(c) . We can see two distinct peaks, α (4.9 T) and β (11 T), and the second harmonic 2α (9. Although the actual Fermi surface should be highly anisotropic, 12, 13) its carrier density can be comparable to those of bismuth and graphite.
In the semiclassical treatment, the SdH oscillations are represented by Lifshitz-Kosevich (LK) formula. 20, 21) In this formula, the thermal damping factor of amplitude R T is given as follows:
where k B is the Boltzmann constant. The observed temperature dependence of the oscillation amplitude can be reproduced by Eq. (3) with m * ∼ 0.02 m 0 for both α and β as shown in the inset of Fig. 2(c) .
Next, we demonstrate the magnetoresistance at various pressures in the semimetallic state. Fig. 3(d) . m * of semimetallic region is significantly smaller than that of semiconducting region.
At the vicinity of the SC-SM transition pressure, the quantum limit state in which all the carriers are accommodated in the lowest Landau subband can be realized at around 10 T.
Recent experimental studies on graphite suggested the emergence of an excitonic phase at the vicinity of the quantum limit state in high magnetic fields. 23, 24) To clarify whether an exotic phase emerges in BP, we studied the temperature dependence of the resistivity as shown in model. 25) In the semiclassical approach, the transverse resistivity (ρ ⊥ ), is expressed as 26) ρ
where R e,h = 1/(n e,h q e,h ) is the Hall coefficients of electron and hole carriers (n e,h and q e,h represent the density and the charge of electron and hole carriers, respectively) and ρ e,h is the resistivity of each carrier at zero-field. In a compensated semimetal, we can set −q e = q h and n e = n h , i.e., −R e = R h = R. Assuming ρ e (T ) = ρ h (T ) = ρ 0 (T ) at zero-field, Eq. (4) is reduced
In low-carrier systems, the second term in Eq. (5) becomes dominant, and hence ρ ⊥ can show the superficial insulating-like behavior even in a metallic sample.
To clarify the intrinsic features of ρ e (T ) or ρ h (T ), it is rather suitable to study longitudinal magnetoresistance. Figure 4 GPa. Thereby, quantum limit state is achieved at fields above 11 T. Even in this longitudinal geometry, we observed non-saturating significant positive magnetoresistance. At 2 K, the ratio ρ a (B)/ρ a (0) reaches approximately 50 at 14 T.
As shown in Fig. 4(b) , this longitudinal magnetoresistance shows peak structure at around 30 K as a function of temperature. Such non-monotonic behavior, however, may not be ascribed to the emergence of a novel phase below this temperature. Figure 4(c) shows the temperature dependence of the ρ a (B) normalized by the value at zero field ρ a (0). The traces show monotonic behaviors at all the fields. According to a transport theory in the quantum limit, 27) The longitudinal resistivity ρ (B, T )/ρ (0, T ) for the classical statistics, in which the Fermi energy is smaller than k B T , is represented as,
in case that the scattering mechanism is dominated by δ-function impurity potential or acous- Here, let us make a comment on the phase of the SdH oscillations. In Fig. 4(d) , we plot the relation between inversed dip fields of ρ a and ρ c and the Landau index. Similar analyses are frequently utilized in topological materials to evaluate the Berry phases from the values of the horizontal intercept in this diagram. The intercept for ρ c is 0.00 ± 0.01 similar to two-dimensional Dirac system, whereas that for ρ a is 0.15 ± 0.02 even for the same field direction. In addition, we note that such analyses on resistivity make sense only in the case that Hall conductivity is much larger than the diagonal one. 28) Therefore, we cannot make reliable argument from the analyses of this diagram. At the final stage in preparing this manuscript, we became aware of the paper has been submitted to arXiv that reports similar quantum transport in semimetallic BP. 29) In conclusion, we investigated the magnetoresistance in semiconducting and semimetallic black phosphorus under hydrostatic pressures. In the semiconducting state, we observed the magneto-phonon resonance that is characteristic of high mobility materials. In the semimet-J. Phys. Soc. Jpn. The b-axis corresponds to the Γ-Z direction and the c-axis does to Γ-X direction.
allc state above 1.6 GPa, we observed clear Shubnikov-de Haas oscillations and positive giant magnetoresistance effects. The analysis of the oscillation revealed its extremely small carrier density and light effective mass, which suggests that black phosphorus can be a novel material to investigate the exotic quantum physics expected in the quantum limit state.
